Total parenteral nutrition (TPN) results in a number of derangements to the intestinal epithelium, including a loss of epithelial barrier function (EBF). As TPN supplemented with glutamine has been thought to prevent this loss, this article further defi ned the impact of glutamine on EBF, and investigated potential mechanisms that contributed to the preservation of EBF. C57BL/6J male mice were randomized to enteral nutrition (control), TPN, or TPN supplemented with glutamine (TPN+GLN). Changes in intraepithelial lymphocyte (IEL)-derived cytokine expression were measured, and EBF was assessed with electrophysiologic methods and assessment of junctional protein expression. TPN resulted in a signifi cant decline in EBF, and this loss of EBF was signifi cantly prevented in the TPN+GLN group. Coincident with these changes was a loss of intraepithelial lymphocyte (IEL, mucosal lymphocyte)-derived IL-10 and increase in interferon-γ (IFN-γ) expression, and a decline in IEL numbers in the TPN group. A prevention in the increase in IFN-γ and decline in IL-10 expression was seen in the TPN+GLN group. To determine the mechanism responsible for these glutamine-associated cytokine changes, we tested whether blockade of the IL-7 signaling pathway between epithelial cells (EC) and IEL would prevent these changes; however, blockade failed to infl uence IEL-derived cytokine changes. Glutamine-supplemented TPN leads to a specifi c IEL-derived cytokine profi le, which may account for the preservation of EBF; and such action may be due to a direct action of glutamine on the IEL.
Introduction
T otal parenteral nutrition (TPN) is required for patients with intestinal dysfunction. While the use of TPN may be lifesaving, TPN has been shown to impair small intestinal epithelial barrier function (EBF), decrease mucosal immune function, and increase bacterial translocation (Zhang and others 2003; Sun and others 2006) . Many of these problems may have tremendous clinical relevance as administration of TPN may lead to an increase in wound and upper respiratory infections as well as septicemia (Moore and others 1989; Kudsk and others 1996) . It is possible that a loss of EBF may lead to the transmigration of luminal toxins and microorganisms that may contribute to the increase in infections.
The mucosal epithelial immune system is predominately comprised of intraepithelial lymphocytes (IEL), which are located between mucosal epithelial cells (EC) (Ernst and others 1985) . IEL act as the initial lymphoid defense layer against intraluminal foreign antigens (Fukui and others 1997) , and may be of critical importance for proper functioning of the mucosal immune system (Watanabe and others 1995) . It has been previously shown that in normal conditions IEL express several cytokines and growth factors, which help to support intestinal EC proliferation and maintain intestinal barrier function (Fujihashi and others 1993) . Conversely, the EC may also have an important role in the support of the mucosal immune response by helping to regulate IEL phenotype and function (Hayday and others 2001) .
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Materials and Methods
Parenteral nutrition model
Animals. Male, specifi c pathogen-free, adult C57Bl/6J mice (Jackson Laboratories, Bar Harbor, ME) were maintained under temperature-, humidity-, and light-controlled conditions. Mice were initially fed ad libitum with standard mouse chow and water and allowed to acclimate. During the administration of intravenous solutions, mice were housed in metabolic cages to prevent coprophagia. The studies conformed to the guidelines for the care and use of laboratory animals established by the University Committee on Use and Care of Animals at the University of Michigan, and protocols were approved by that committee (UCUCA No. 7703) .
Operative procedures and study groups. Administration of TPN was delivered as previously described (Kiristioglu and Teitelbaum 1998) . Mice were infused with a crystalloid solution at an initial rate of 4 mL/day. After 24 h, mice were randomized into three groups (N = 6 per group). The control group received the same intravenous saline solution at 7 mL/24 h, in addition to standard laboratory mouse chow and water ad libitum. The TPN group received a standard TPN solution intravenously at 7 mL/24 h with no oral intake. Composition of the TPN solution has been described in detail previously (Kiristioglu and Teitelbaum 1998) , and it contained a balanced mixture of amino acids, lipids, and dextrose in addition to electrolytes, trace elements, and vitamins. The glutamine-administered mouse group (TPN+GLN group) was given 2% alanyl glutamine solution, which was isonitrogenous and isocaloric to the standard TPN solution. Percent of glutamine delivery was based on previous publications in mice that demonstrated benefi cial effects on barrier function (Li and others 1994) . In previous experiments, we have measured energy intake from enteral feeding, and ensured matched energy delivery between TPN and control groups; additionally, energy delivery was based on estimates of caloric intake by control and from previous reports (Li and others 1995) , so that energy delivery was essentially the same in all groups. TPN solutions with or without glutamine were formulated and prepared by a PN supplier (HomeMed of the University of Michigan Health System). All animals were euthanized on study day 7 using CO 2 asphyxia.
Intestinal morphology. A 5-mm section of jejunum was fi xed in 10% formaldehyde, dehydrated, and embedded in paraffi n. Sections were cut (5 μm) and stained with hematoxylin and eosin. Villus length and crypt depth for each specimen were measured. Measurements were based on a mean of at least 10 crypt-villus complexes with well-oriented sections.
Mucosal cell isolation
Small bowel IEL and ECs were isolated as previously described (Kiristioglu and Teitelbaum 1998; others 2008a, 2008b) . In brief, the small bowel was placed in tissue culture medium and mesenteric fat and Peyer's patches were removed. The intestine was then opened longitudinally and agitated to remove mucus and fecal material. The intestine was then cut into 5-mm pieces and incubated in an IEL extraction buffer with continuous brisk stirring at 37°C for 20 min. The supernatant was then fi ltered rapidly through a glass wool column. Magnetic beads conjugated with antibody to Such interactions may well work through a group of ligands between IEL and EC, particularly those located along the EC basolateral aspect of the cell. One such example is the surface expression of CD103 on IEL and E-cadherin on EC. Expression of CD103 is a requisite for IEL homing and localization to the mucosal epithelium (Benmerah and others 1994; Schon and others 1999) . Additionally, EC-derived IL-7 directly interacts and binds to IL-7 receptors (IL-7R) on IEL others 2008a, 2008b) , and this interaction sustains IEL cytokine expression and proliferation.
Our laboratory has shown that administration of TPN leads to a decline in EC proliferation and loss of EBF (Yang and others 2002a; Yang and Teitelbaum 2003) . TPN is also associated with a decrease in IEL numbers, and significant changes in the phenotypic subpopulations of the IEL, including marked changes in cytokine expression (Kiristioglu and Teitelbaum 1998) . TPN leads to a significant increase in IEL-derived interferon-gamma (IFN-γ) and a decline in IL-10 expression (Yang and Teitelbaum 2003; Sun and others 2008) ; and the changes in the abundance of these cytokines contribute to a loss of EBF (Yang and others 2002a; Yang and Teitelbaum 2003; Sun and others 2008) . Our group and others have also shown that TPN signifi cantly decreased EC-derived IL-7 (Fukatsu and others 2005; Yang and others 2007) , and this reduction in IL-7 may play a signifi cant role in the alterations in the IEL (Yang and others 2008a) .
It is possible that these IEL changes may be due to a nutritional defi ciency. A signifi cant line of evidence in the recent literature shows that the amino acid glutamine can ameliorate both TPN-associated mucosal changes and the systemic immune dysfunction seen with TPN (Berard and others 2000; Nagafuchi and others 2000; Zarzaur and others 2002) . Glutamine is not normally a component of TPN, but glutamine supplementation may have several benefi ts. In fact, glutamine has been shown to be an essential metabolic component for the proliferative response of intestinal enterocytes, and is one of the preferred fuel sources for the small intestine. This is best demonstrated by the fact that glutamine may account for over one-third of the total CO 2 produced in the small intestine (Souba and others 1990; Ziegler and others 2000) . Glutamine can reduce the development of EC apoptosis (Evans and others 2005) and help preserve gut barrier function in models of TPN and sepsis (Van Der Hulst and others 1993; Helton 1994; Buchman and others 1995) . Additionally, glutamine can prevent the loss of gut-associated lymphocyte tissue (GALT) during TPN administration (Alverdy 1990; Zarzaur and others 2002) . Functionally, intestinal IL-4 and IL-10 were shown to increase with glutaminesupplemented TPN (DeWitt and others 1999; Fukatsu and others 2001) . Although glutamine may signal EC via a number of amino acid transporters (Avissar and others 2008) , it is unknown which intestinal immune cell population is responsible for the expression of these cytokines. As well, it is unknown whether these glutamine-associated cytokine changes may be associated with EBF loss. On the basis of these fi ndings, we hypothesized that TPN supplemented with glutamine would improve EBF by a prevention of TPNassociated changes to IEL phenotype and function. We further hypothesized that the mechanism by which glutamine acted was via a signaling through the IL-7/IL-7R pathway between EC and IEL.
Epithelial barrier function studies
Ussing chambers (Physiologic Instruments, Inc, San Diego, CA) were used to assess intestinal barrier function, and methods are identical to previous publications (Yang and others 2003a) . For all reported experiments only jejunal small bowel was studied, as we have previously found this segment to demonstrate the greatest changes in EBF with TPN (Yang and others 2003b) .
Electrical measurement. Transmembrane resistance (TER) was measured after a 30-min equilibration period and determined using Ohm's law.
Intestinal permeability experiments. Permeability of the small intestine was also assessed with H-mannitol was measured in a scintillation counter. The permeability of the isotope was then calculated as the apparent permeability coeffi cient (Papp) by standard equation (Madara and Trier 1982; Grass and Sweetana 1988) .
Junctional protein expression
Antibodies. The following antibodies were used for Western blotting: goat anti-JAM1 (Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-occludin Ab (Santa Cruz; extracellular/ cytoplastic domain), and mouse anti-β-actin (Sigma Aldrich, St. Louis, MO). Additionally, for immunofl uorescent studies (see below) goat anti-ZO-1 (Santa Cruz) was used. Secondary antibodies were rabbit anti-goat HRP (Sigma) and goat antimouse-HRP (Santa Cruz).
Western blot. Western immunoblots of occludin and adherence junctional molecule 1 (JAM1) was performed. Each was selected because of their ability to sustain EBF, and the previously identifi ed association of both JAM and occludin with IEL (Liu and others 2000; Inagaki-Ohara and others 2005) . Jejunal protein extracts underwent immunoblotting using a Micro BCA TM protein assay kit (Pierce, Rockford, IL), as previously described (Yang and others 2002b) . Blots were then stripped and re-probed with monoclonal mouse anti-β-actin antibody to equalize protein loading. Quantifi cation of results was performed using Kodak 1D image software. Results of immunoblots are expressed as the relative expression of proteins to β-actin expression.
Immunofl uorescent microscopy. To more precisely examine the expression of tight junctions in our TPN model, immunofl uorescent staining for two proteins, ZO-1 and occludin, was performed. These two proteins were selected as ZO-1 and occludin have been shown to have a direct association with each other when localized to the apical membrane, and both have been shown to alter their intracellular distribution when exposed to proinfl ammatory cytokines (Furuse and others 1994; Wang and others 2006) . A 0.5-cm section of fresh jejunum was cut and embedded in an optimum cutting temperature compound (PELCO International), and frozen. Cryosections (5 μm) were fi xed, blocked in 10% goat serum (1 h), and incubated with primary antibodies (mouse monoclonal anti-ZO-1 CD45 (lymphocyte-specifi c) were used to isolate lymphoid from non-lymphoid cells (BioMag SelectaPure Anti-Mouse CD 45R antibody particles, Polyscience Inc, Warrington, PA; allowing for the retrieval of all activated T cells, representing the vast majority of the IEL population). Cells bound to beads were considered purifi ed IEL; unbound EC remained in the supernatant. Flow cytometry confi rmed purity of sorted IEL, which was greater than 95%, based on a control sample stained with anti-CD45 antibody, or anti-G8.8 antibody (specifi c for EC) (Farr and others 1991) . In some experiments, CD4+ and CD8+ IEL were sorted on an Epics Elite fl ow sorter (Coulter Pharmaceutical, Miami, FL) to study individual IEL populations.
Intracellular cytokine staining and fl ow cytometry
Intracellular staining of IL-10 and IFN-γ was performed to defi ne which IEL subpopulation(s) were their predominant source, with previously described techniques (Yang and others 2004) . Cell surface staining used anti-mouse CD4, CD8-α, and CD8-β (BD PharMingen, San Diego, CA), conjugated with fl uorescein isothiocyanate (FITC) or Texas red. Intracellular staining was performed with anti-mouse IL-10 and IFN-γ antibodies conjugated with phycoerythrin (PE) (Pharmingen). Acquisition and analysis were performed on FACSCalibur (Becton-Dickinson, Mountain View, CA) using CellQuest software (Becton-Dickinson). The IEL population was identifi ed by forward and side scatter characteristics. Quantifi cation of IEL subpopulations was based on its percentage of the gated IEL population compared to the total IEL population. Expression of IL-10 or IFN-γ-positive IEL was based on the percent expression over the negative-gated population of PE-conjugated nonspecifi c, isotype control antibody. Other surface markers studied with fl ow cytometry included CD103 and IL-7 receptor (IL-7R) expression.
Real-time PCR
Methods of RNA isolation, purifi cation, and PCR are identical to those previously described (Yang and others 2003a) . Oligomers were designed using an optimization program (Lasergene 6, DNAStar, Inc., Madison, WI). Sequences of specifi c primers are described as follows (GeneBank Accession number; forward; reverse primers): IL-10 (NM_010548): 5′-AAT AAG AGC AAG GCA GTG GA-3′; 5′-GGG ATG ACA GTA GGG GAA CC-3′. IFN-γ (K00083): 5′-AAT AAG AGC AAG GCA GTG GA-3′; 5′-GGG ATG ACA GTA GGG GAA CC-3′. β-Actin (M12481): 5′-AAT CGT GCG TGA CAT CAA A-3′; 5′-AAG GAA GGC TGG AAA AGA GC-3′. Real-time PCR was performed using a Smart Cycler thermocycler (Cepheid, Sunnyvale, CA). Specifi city of the real-time PCR products was documented with gel electrophoresis and resulted in a single product with the desired length. Additionally, cDNA was extracted by using a centrifugal fi lter device (Millipore), and sequencing of the products showed that they matched targeted GeneBank mRNA sequences. Expression of results were normalized to β-actin expression using the ∆∆CtT method, by which the change (delta, ∆) in Ct values between each study group were compared to the Ct value of β-actin (∆Ct); and the ∆∆Ct is the difference between the ∆Ct's from the TPN groups and the control group, taken as 2 −(∆∆Ct) (Livak and Schmittgen 2001) .
Morphometric studies
Villus length and crypt depth in the TPN group were signi fi cantly lower compared to controls (P < 0.05). This was par tially prevented in the TPN+GLN group, and values in this latter group were signifi cantly higher than in the TPN group (Table 1) .
Changes in IEL numbers and IEL-derived cytokine expression
IEL numbers. The number of IEL signifi cantly declined (35%) in the TPN group versus controls (Table 2) . Glutamine supplementation prevented this entire decline in cell numbers, and numbers of IEL in the TPN+GLN group were not signifi cantly different from controls.
mRNA expression. IEL-derived IL-10 mRNA abundance was signifi cantly decreased in the TPN group compared with controls (P < 0.05), and this expression returned to nearly control levels in the TPN+GLN group (Fig. 1A) . IELderived IFN-γ mRNA expression signifi cantly increased with TPN compared to controls, and this increased expression was partially prevented with the addition of glutamine to the TPN solution (Fig. 1B) . TGF-β1, another cytokine that can modulate EBF (Planchon and others 1994; Di Leo and others 2002) , was also examined. As TGF-β1 is expressed in 1:500 or mouse monoclonal anti-occludin 1:250) at 4°C over night. Slides were then incubated with corresponding second ary antibodies for 1 h, and mounted with antifade permanent mounting gel (Invitrogen, Carlsbad, CA). Fluorescence was analyzed with an Olympus fl uorescent microscope (BX-51).
Data analysis
All data are expressed as mean ± standard deviation (SD). Statistical analysis was carried out using the t-tests for comparison of two means and a one-way ANOVA for comparison of multiple groups (with a Bonferroni post hoc analysis to assess statistical differences between groups). Prism software was used (GraphPad Software, Inc., San Diego, CA); and statistical signifi cance was defi ned as P < 0.05.
Results
General description of mice
Body weights were recorded before initiation of the study and after mice were euthanized. After surgery, all animals had a mild weight loss, which rapidly reversed in the control group. Body weight changes were −0.7 ± 0.2 g for the control group, −2.3 ± 0.4 g for the TPN group, and −1.4 ± 0.2 g for the TPN+GLN group, respectively (P > 0.05). 13.6 ± 6.2* 82.6 ± 8.9* † IL-10
11.6 ± 0.6* 83.2 ± 8.4* † IFN-γ
13.7 ± 7.1 5.9 ± 3.5
IEL yield represents the number of isolated IEL per entire length of mouse small intestine. IEL subpopulation values are the percent of IL-10-positive cells from each IEL subpopulation. Thus, for control mice, 20.1% of the CD4+ IEL are IL-10+. *P < 0.05 vs. control group. †P < 0.05 vs. TPN group.
Abbreviations: GLN, glutamine; IEL, intraepithelial lymphocyte; IFN, interferon; IL, interleukin; TPN, total parenteral nutrition.
with glutamine the percent of IL-10+ IEL was far greater than that in either control or TPN group (Fig. 2) .
Similar to mRNA data, IFN-γ expression increased in the TPN group compared to controls (Fig. 3) , and this was found to be signifi cantly elevated for the CD8-αβ subpopulation, whereas little IFN-γ was detected in CD4+ IEL. Glutamine supplementation prevented this increase in IFN-γ expression, such that levels in the TPN+GLN group were not signifi cantly different from control values. The overall percent of nonstimulated IEL, which were detected by intracellular staining for TGF-β1, was below 2% in all subpopulations and in all study groups, and thus results are not reported.
Epithelial barrier function
As alterations in IL-10, IFN-γ, and TGF-β1 are known to modulate EBF, and TPN administration can markedly decrease EBF (Yang and others 2002a; Sun and others 2008) , we next examined whether the administration of glutamine could prevent the TPN-associated loss of EBF.
Transepithelial resistance. Transepithelial resistance (TER) values remained relatively stable over the 90-min incubation period (Fig. 4) . Baseline TER (Ω•cm 2 ) after an equilibration both intestinal EC and IEL, both populations were examined (Fig. 1C) . A decline in TGF-β1 abundance was found in the TPN group versus the control group in both cell populations. Supplementation with glutamine resulted in a return to levels not signifi cantly different from the control group. IL-7 expression in intestinal EC was found to signifi cantly decline with TPN, as previously reported (Yang and others 2003c; Yang and others 2007) . Loss of IL-7 was prevented in the TPN+GLN group (Fig. 1D) .
Cytokine expression in IEL subpopulations. The IEL is a unique and heterogeneous population of lymphocytes, each with its own phenotype and cytokine profi le. IL-10 and IFN-γ in IEL subpopulations are shown in Table 2 . Interestingly, a substantial portion of both CD4+ and CD8+ IEL expressed IL-10 (Fig. 2) . However, a signifi cant decline in IL-10 was only noted in CD8+ IEL in the TPN group. This decline occurred in the CD8-αα as well as the CD8-αβ subpopulations (Table  2 and Fig. 2B and 2C) . This was interesting, as we have previously noted that the number of CD8+ IEL decreased only slightly with TPN administration, yet the number of CD4 IEL signifi cantly decline (Kiristioglu and Teitelbaum 1998) H-mannitol increased in the TPN group (18.7 ± 4.1) compared to controls (7.4 ± 2.8), and Papp returned to control levels in the TPN+GLN group (9.8 ± 3.1, P > 0.05).
Changes in tight junctional protein expression
A major mechanism by which cytokines mediate alterations in EBF is via changes in epithelial tight junctional protein abundance and localization. We next examined the expression of these junctional proteins, and how glutamine supplementation affected this. Western immunoblotting was used to measure the tight junctional molecules, occludin, and adherence junctional molecule 1 (JAM1). The expression of both proteins were significantly (P < 0.05) decreased in TPN mice compared with controls: occludin: 0.42 ± 0.04 vs. 0.21 ± 0.03; and JAM1: 0.32 ± 0.05 vs. 0.14 ± 0.04; control vs. TPN, respectively (values expressed as a % of β-actin, Fig. 6 ). The decline in junctional proteins was partially prevented in the TPN+GLN group. Abundance of occludin and JAM1 rose to values not signifi cantly (P > 0.05) different from controls: occludin: 0.35% ± 0.03% and JAM1: 0.24% ± 0.04% (Fig. 6) . period was 82.9 ± 6.1 Ω•cm 2 and 48.6 ± 4.8 Ω•cm 2 in control and TPN groups, respectively. At all time points, TER in the TPN group was signifi cantly (P < 0.05) lower than controls. This was partially attenuated in the TPN+GLN group; however, TER remained lower than controls at all time points (66.6 ± 6.9 Ω•cm 2 , P < 0.05 compared to control values, and compared to the TPN group, Fig. 4 H-mannitol permeability in the TPN group was signifi cantly higher than controls (Fig. 5) . The permeability in the TPN+GLN group was signifi cantly lower than in TPN mice. The cumulated permeation of 3 H-mannitol was 0.21% ± 0.09% in the controls. TPN signifi cantly increased permeability values (0.56% ± 0.16%) compared with controls (P < 0.05; and alteration in cytokine expression, we next investigated alterations in surface expression of IL-7 receptor (IL-7R on IEL) and CD103 (on EC); both of these being key ligands for IEL function and the ability of IEL to home to intestinal EC, respectively (Benmerah and others 1994; Fujihashi and others 1996; Yang and others 2005; Yang and others 2007) . mRNA abundance showed a signifi cant increase in IL-7R expression with TPN, and this was noted on both CD4+ and CD8+ IEL populations. For the CD4+ IEL group, the changes were not signifi cant; however, levels signifi cantly rose in the CD8+ IEL population. TPN supplemented with glutamine actually resulted in a further increase in IL-7R abundance in the CD8+ IEL subpopulation (Fig. 8A and 8B ). mRNA levels of CD103 expression signifi cantly decreased with TPN administration, and returned to levels not signifi cantly different from control values in the TPN+GLN group (Fig. 8C ).
To further examine the expression of tight junctions, two proteins, ZO-1 and occludin were examined (Fig. 7) . Immunofl uorescent staining demonstrated a marked loss of both junctional proteins in intestinal EC with TPN. An additional observation was an internalization of these junctional proteins with TPN administration. Interestingly, glutamine supplementation prevented much of the loss of ZO-1 expression along the apical surface of intestinal EC. However, glutamine failed to completely prevent the internalization of occludin observed in the TPN group (Fig. 7) .
Mechanisms leading to altered IEL function with glutamine supplementation
IEL ligand expression. In order to understand the mechanisms that could account for the changes in IEL numbers ) in jejunum. Control (□), total parenteral nutrition (TPN; ∆), and TPN-glutamine (▼) study groups. Results are represented as mean ± SD. Time 0 represents the time at which all tissues were mounted in Ussing chambers following a 30-min equilibration period to achieve steady-state conditions. At all time points, TER in the TPN group was signifi cantly (P < 0.05) lower than in the control group. The loss of TER for TPN mice was signifi cantly ameliorated with glutamine administration; however, TER values did not return to the level of control mice. N = 6 per group. Not shown (because of the overlapping of lines) was that the blockade with anti-IL-7R antibody administration in TPN mice failed to impact TER.
suggesting that other mechanisms may be driving down the abundance of these receptors aside from a defi ciency in this glutamine itself.
Alterations in surface expression of IL-7R and CD103 were next examined using fl ow cytometry. Similar to mRNA results, TPN led to a decline in CD103 (25.8 ± 7.2 vs. 35.6 ± 9.2, TPN vs. control, respectively; Fig. 8D) ; however, the change was not statistically signifi cant. The addition of glutamine to the TPN solution led to an increase in CD103 surface expression (51.4 ± 12.2); and although not signifi cantly different from the other study groups, values exceeded those in the control group. Percent of gated IEL-expressing IL-7R rose with TPN administration (Fig. 8D) , and this was true for both the CD4+ and CD8+ IEL subpopulations. Although not reaching signifi cant difference from the control group, this may have been a compensatory increase to compensate for the signifi cant decline in EC-derived IL-7 expression. Administration of glutamine did not signifi cantly change IL-7R expression from levels in the control group.
Relation of IL-7 receptor signaling and glutamine-associated cytokine expression. As stated earlier, IL-7 declined with TPN and rose with glutamine, and IL-7/IL-7R has a critical role in sustaining IEL proliferation and function. Because of this, we next assessed whether the mechanism by which glutamine supplementation in TPN resulted in the observed change in IEL-derived cytokine expression was via the IL-7/ IL-7R signaling pathway. This pathway was blocked by the systemic administration of an IL-7R-blocking antibody given continually during the entire TPN course, and this has been previously shown by our group and others to result in a complete blockade of this pathway (Kunisawa and others 2002; Yang and others 2007) . Cytokine expressions of IL-10 and IFN-γ are shown in Figures 2 and 3 . Despite IL-7R blockade, glutamine supplementation continued to result Four of the most common glutamine receptors were studied on IEL, and a signifi cant decline was noted in the abundance of SLC1M4 and SLC1M7 (Table 3) . Glutamine-supplemented TPN did prevent this decline in receptor abundance, were signifi cantly decreased with total parenteral nutrition (TPN) administration compared with controls. With glutamine (GLN) administration, the expression of these proteins increased, and levels of expression were not signifi cantly different from control levels (*P < 0.05; #P > 0.05).
also demonstrated some of the detailed molecular changes in the tight junction, which sustained EBF with the addition of glutamine. Finally, the fact that blocking the IL-7/IL-7R signaling pathway, the main signaling pathway for maintaining IEL numbers and functionality, failed to infl uence glutamine's action on cytokine expression, suggests that glutamine had a direct effect on the IEL. The intraepithelial lymphocytes (IEL) are closely associated with the intestinal epithelium, and are a rich source of several cytokines (Hayday and others 2001) . The expression of these cytokines is a major aspect of IEL regulatory function. The IEL may well function to maintain EC function (Croitoru and Ernst 1993) , as well as to down-regulate immunologic sensitization to foreign antigen. Our laboratory and others have previously shown that the IEL undergoes phenotypic and functional changes with TPN administration (Kiristioglu and others 1999; Fukatsu and others 2001; Kiristioglu and others 2002) . TPN administration resulted in a signifi cant decrease in IEL-derived IL-10 (Sun and others 2008) and increased expression of IEL-derived IFN-γ (Kiristioglu and Teitelbaum 1998) . A similar fi nding of a decline in intestinal IL-10 with TPN administration has also been observed by Fukatsu and others (2001) ; however, the precise population of the intestine producing this cytokine was not fully defi ned. In our present study we concentrated our investigation to the IEL, as we were interested in the close cross communication between this lymphoid population and the adjacent EC. Our work showed that this decline in IL-10 and increase in IFN-γ occurred predominately in the two heterodimeric CD8+ IEL populations (CD8-αα and CD8-αβ). Our group previously observed a signifi cant decline in CD4+ IEL with TPN (35); however, despite the decline in numbers of CD4+ IEL, the percentage of CD4+ IEL that expressed IL-10 did not change. The number of CD8+ IEL did not signifi cantly change with TPN; however, it has been shown that CD8+ IEL plays a key role in generation of IL-10 and the prevention of intestinal infl ammatory conditions (22). It may well be that although the number of CD8+ IEL cells declined only slightly with TPN, their functional role is markedly altered, contributing to the loss of IL-10.
The decline in IL-10 and increase in IFN-γ with TPN has been shown to be closely associated with a loss of EBF (Yang and others 2002a; Sun and others 2008) . Additionally, TGF-β1 is known to sustain EBF, and prevent proinfl ammatory cytokine-mediated loss of barrier function (Planchon and others 1999) . Thus it was quite interesting how each of these cytokines shifted toward a profi le that would promote a loss of EBF. As well, the fi nding that TPN with glutamine resulted in dramatic changes in these IEL-derived cytokines suggests that this may well be the mechanism that drives EBF preservation with glutamine administration. Maintenance of EBF is essential to prevent bacterial endotoxins from entering the host from the intestinal lumen. Glutamine has been previously reported to play an important role in the modulation of EBF (Li and others 1994; , and this can prevent not only TPN-induced loss of EBF but also disruption of the intestinal epithelium due to exposure to either lipopolysaccharide or acetaldehyde (Seth and others 2004) . Much of the literature regarding the action of glutamine-supplemented TPN on EBF relate to transit of tracer particles across the intestinal wall, and do not examine the detailed alterations in EBF and tight junctional expression. As well, other reports have reported on bacterial in a marked increase in IL-10 expression and prevented the TPN-associated rise in IFN-γ expression. Additionally, no change in TER was detected with IL-7R blockade (data not shown). This suggested that glutamine may well act directly on the IEL, as opposed to signaling through the adjacent EC population.
Discussion
In this study, the effects of glutamine administration on IEL cytokine expression and EBF were investigated in a mouse TPN model. The study also showed that glutamine signifi cantly attenuated the TPN-associated loss of EBF. Glutamine-supplemented TPN prevented the increase in IEL-derived expression of IFN-γ and prevented the decline in IEL-derived IL-10 expression. Further, glutamine resulted in a signifi cant attenuation in TPN-associated intestinal mucosal atrophy. It is important to note that this study has only quantifi ed this attenuation of mucosal atrophy by somewhat crude morphometric studies. Future additional work on enterocyte turnover will be necessary to more accurately quantify these results. Unlike previous investigations on the subject of glutamine-supplemented TPN, the current work demonstrated that the changes observed in intestinal cytokine expression (Fukatsu and others 2001) are derived from specifi c IEL subpopulations. Additionally, this study 
FIG. 7.
Occludin and ZO-1 immunofl uorescent staining (both stained red; tissues were counterstained with nuclear staining (DAPI, blue)). Note the diffuse loss of immunofl uorescent staining for both junctional proteins, particularly at the distal half of the villi with total parenteral nutrition (TPN) administration. As well both proteins show an internalization of signal from the apical membrane into the cytoplasm. Administration of TPN with glutamine supplementation led to an increase in junctional expression. Although ZO-1 demonstrated a return to the apical surface of epithelial cells, occludin continued to be distributed within the cytoplasm. or driving heat shock protein expression (Ziegler and others 2000; Singleton and Wischmeyer 2008) .
The mechanisms that accounted for how glutamine administration attenuated the decline in tight junction protein expression and prevented much of the TPN-induced loss of EBF are not known. Although other investigators have shown a preservation of EBF with TPN supplemented with glutamine, our Ussing chamber fi ndings have better quantifi ed this loss of barrier function. Additionally, the fi nding of the sustained expression of JAM1 and occludin, as well as prevention of the internalization of ZO-1, provides for potential mechanisms by which glutamine sustains EBF. Because of the close cross talk between ECs and adjacent IEL, we investigated whether glutamine's action on modulating IEL cytokine expression relied on this intercommunication.
The decline in CD103 expression in the TPN group could well account for the loss in total number of IEL (Table 2) , and the prevention of the loss of CD103 expression in the TPN+GLU group may help to explain the sustained number of IEL. The decline in EC-derived IL-7 expression with TPN, and the prevention of this loss of IL-7 expression with glutamine, may also explain some of the IEL functional changes seen with TPN. Additionally, the rise in IL-7R expression on CD8+ IEL may be in response to the loss of IL-7 expression. Because of these fi ndings, we tested whether the observed changes in IELderived cytokine expression with glutamine supplementation translocation, which may also be similarly attenuated with glutamine supplementation (Gianotti and others 1995; Ding and others 2003) . However, the mechanisms that promote or prevent bacterial translocation are distinct from changes in tight junction function, and bacterial translocation may actually work via a transcellular route (O'Brien and others 2002). Our present work suggests that the action of glutamine may well involve a complex mechanism of altering mucosal cytokine expression, with the subsequent observed loss and internalization of junctional proteins. Clearly, glutamine may function in other ways to achieve preservation of barrier function including preservation of oxidative stress 0.026 ± 0.003 0.007 ± 0.002* 0.007 ± 0.003* SLC6M14 0.004 ± 0.000 0.0004 ± 0.0002 0.0006 ± 0.0004 SLC7M5 0.005 ± 0.002 0.008 ± 0.003 0.006 ± 0.003 *P < 0.05, compared to control. Abbreviations: GLN, glutamine; IEL, intraepithelial lymphocytes; TPN, total parenteral nutrition.
were due to signaling via this IL-7/IL-7R pathway. Our fi nding that blockade of IL-7R did not infl uence TER-or IEL-derived cytokine expression suggests that glutamine was acting directly on the IEL to induce these cytokine changes. However, the actual mechanism may be far more complex. A recent in vitro study where isolated IEL were incubated with glutamine led to the expression of markedly proinfl ammatory cytokines (TH1 type), and not our observed increase in IL-10 or decline in IFN-γ (Horio and others 2008) . This suggests that other signaling pathways may have a role in modulating IEL function. Additionally, the fact that the exogenous administration of glutamine was not able to completely return barrier function to the normal level suggests that other factors contribute to EBF loss with TPN, and IEL-derived cytokine changes may only be one of several contributory mechanisms.
In conclusion, this study demonstrated that exogenous glutamine administration in mice receiving TPN partially prevented the TPN-associated changes to IEL phenotype and function, including IEL-derived cytokine expression. Coincident with these IEL changes, glutamine led to a signifi cant improvement in EBF, an up-regulation in the expression of tight junction proteins, and a prevention of the internalization of ZO-1. It may well be that these actions were mediated through glutamine's direct action on the IEL to prevent the TPN-induced cytokine changes to this lymphoid population. Future work will need to be done to better address the link between these two actions noted with glutamine supplementation of TPN.
